ABSTRACT Time-resolved surface-enhanced IR-absorption spectroscopy triggered by electrochemical modulation has been performed on cytochrome c oxidase from Rhodobacter sphaeroides. Single bands isolated from a broad band in the amide I region using phase-sensitive detection were attributed to different redox centers. Their absorbances changing on the millisecond timescale could be fitted to a model based on protonation-dependent chemical reaction kinetics established previously. Substantial conformational changes of secondary structures coupled to redox transitions were revealed.
INTRODUCTION
Time-resolved Fourier transform infrared (tr-FTIR) spectroscopy is a powerful method for elucidating structurefunction relationships even of large multiredox center proteins such as cytochrome c oxidase (CcO). In previous tr-FTIR studies, measurements were mostly triggered by photodissociation of the CO adducts of CcO (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Photodissociation of CO adducts has also been combined with oxidation of the enzyme by O 2 or caged O 2 (11) (12) (13) , yielding real-time measurements of FTIR and ultraviolet/ visible (UV/VIS) spectra on the millisecond timescale (13) . As an alternative to these approaches, we introduced direct electron transfer (ET) or electronic wiring to CcO from Rhodobacter sphaeroides. In our approach, the enzyme was immobilized in a strict orientation on the gold film of an attenuated total reflection (ATR) crystal, followed by reconstitution in a protein-tethered bilayer lipid membrane (ptBLM) (14) (15) (16) . This allowed the application of surfaceenhanced resonance Raman (SERR) and IR-absorption (SEIRA) spectroscopy in the course of direct electrochemical reduction/oxidation (redox) of the CcO (17, 18) .
Direct ET to CcO also has been investigated by fast-scan voltammetry. Data were fitted to the sequential four-ET model, according to which the enzyme undergoes direct ET to Cu A coupled to the sequential electron exchange with the remaining three redox centers, heme a, heme a 3 , and Cu B (19) . Changing to an oxygenated solution, the enzyme was shown to undergo a transition from a nonactivated to an activated state and to become catalytically active (16) (17) (18) . This finding was corroborated by potentiometric titrations on the CcO employing direct ET followed by SEIRA spectroscopy. Two-dimensional-correlation maps of these SEIRA spectra showed substantial conformational changes of the CcO as it is converted from the nonactivated to the activated state (20) . The sequential four-ET model was later expanded to describe proton transport coupled to ET, taking into consideration acid dissociation constants of the oxidized and reduced forms (pKo and pKr, respectively) of all four redox centers (21) .
In this work, we use this expanded model to analyze timeresolved SEIRA spectra of CcO incorporated in a ptBLM. We will be studying substrate-free, i.e., oxygen-free, four-ET in the activated state of the enzyme. To this end, we use surface-enhanced IR-absorption spectroscopy (SEIRAS) in the Step-Scan mode modulated by periodic potential pulses. The objective of this study is to assemble information about vibrational modes of amino acids and peptide groups coupled to specific redox transitions. Vibrational components in the amide I region of the tr-SEIRA spectra have been identified and validated previously by application of phase-sensitive detection (22) . Parameters such as band positions and full width at half-maximum (FWHM) values from that work (Table 1) will be used in this study to deconvolute the highly overlapping bands in the tr-SEIRA spectra. Based on comparative IR and UV/VIS data found in the literature (23) , the deconvoluted components will be attributed to changes in specific redox centers. Absorbances plotted as a function of time will then be fitted to the extended model mentioned above (21) . Fit parameters will be compared with those obtained in modeling studies of electrochemical data (19, 21) . Our results suggest that conformational changes coupled to redox transitions occur on the millisecond timescale dominated by the rate constant of electrochemical excitation. Thereby, secondary structures seem to undergo more substantial conformational changes than expected from previous FTIR studies (13) .
MATERIALS AND METHODS

Solvents and chemicals
3-Mercaptopropyltrimethoxy-silane (95%) was purchased from ABCR GmbH (Karlsruhe, Germany). Dithiobis(C2-NTA) (R95.0%) was obtained from Dojindo Laboratories (Kumamoto, Japan). 1,2-diphytanoyl-snglycero-3-phosphocholine (>99%) was provided by Avanti Polar Lipids (Alabaster, AL). Hydroxylamine hydrochloride (99%), gold(III) chloride hydrate (99.999%), 3, 3 0 -dithiodipropionic acid (99%), and dodecyl-b-Dmaltoside (DDM; R98%) were purchased from Sigma-Aldrich (Steinheim, Germany).
Preparation of the two-layer gold surface on the ATR crystal
Preparation was performed as previously described (22, 24, 25) . Briefly, after modification with 3-mercaptopropyltrimethoxy-silane, the ATR crystal was provided with a 25-nm gold film by electrothermal evaporation (HHV Edwards Auto 306, Crawley, United Kingdom). Gold nanoparticles were grown on the gold film by immersing the crystal in 50 ml of an aqueous solution of hydroxylamine hydrochloride (0.4 mM), to which 500 ml of an aqueous solution of gold(III) chloride hydrate (0.3 mM) was added five times at 2-min intervals.
Immobilization of the protein
CcO was immobilized on the ATR crystal as described in detail by Schwaighofer et al. (22) . CcO from R. sphaeroides with a His-tag engineered to the C-terminus of subunit II was expressed and purified according to . ATR crystals with the two-layer gold surface were immersed in a solution of 2.5 mM C2-NTA and 7.5 mM 3,3 (16, 17) , indicated by a stationary state regarding peak currents and potentials (17) . Thereafter, the aerobic solution was exchanged against an anaerobic phosphatebuffered saline buffer, established by purging the buffer for 20 min with Ar and adding an oxygen trap consisting of glucose (0.3% w/w), glucose oxidase (75 mg/ml), and catalase (12.5 mg/ml). (39) heme a/heme a 3 n(C¼O) CHO-heme a 3 amide I, a-helical n as (CN 3 H 5 ) Arg 1690. 4 10
Parameters were calculated by the PSD fitting procedure described in the Supporting Material and in Schwaighofer et al. (22) . *Numbers in parentheses indicate the reference from which the value was taken. y Tentative band assignments of the vibrational components (absorber; vibration type; tentative residue) were made based on results reported in the literature.
Numeration of the amino acid side chains refers to CcO from R. sphaeroides. Band positions were allowed to vary within a margin of 51 cm À1 .
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Time-Resolved FT-IR of CcOtr-ATR-SEIRA spectroscopy modulated by electrochemical potentials
The electrochemical cell was mounted on top of a trapezoid single-reflection silicon ATR crystal. The IR beam of the FTIR spectrometer (VERTEX 70v, Bruker, Ettlingen, Germany) was coupled into the crystal at an angle of incidence of Q ¼ 60 using the custom-made setup described previously (24) . All spectra were measured with parallel polarized light. The total reflected IR beam intensity was measured with a liquid-nitrogen-cooled photovoltaic mercury cadmium telluride detector. Measurements were taken at 28 C. FTIR spectra were recorded at 4 cm À1 resolution using
Blackham-Harris 3-term apodization and a zero filling factor of 2. Because of the small absorbances of the protein monolayer in the presence of the large amount of water, interferograms were measured in double-sided mode and transformed into absorption spectra using the Power phase correction mode. A long-wave-pass optical filter (LWP < 2.966 cm À1 ) was used to reduce the high folding limit to 3159 cm À1 and, consequently, the number of necessary interferogram points to 2842. The rectangular waveform used for the modulated excitation was provided by a function generator (Agilent 33250A, Santa Clara, CA) that triggered the Autolab potentiostat and the spectrometer. Potentials were periodically applied to the ptBLM on the gold film in the form of a square wave function to change the redox state of CcO from the fully oxidized (þ400 mV) to the fully reduced state (À800 mV). Due to the charging of the Au/water interphase, the range of potentials actually affecting the enzyme deviates from the applied potential (see Fig S3) . FTIR measurements were triggered by the fast potential change at the start of each period to record a succession of spectra that indicate the changes of IR absorbances as a function of time.
Absorbances were calculated using the fully reduced state of the protein as a reference. Spectra were recorded at a frequency of 100 Hz (period ¼ 10 ms, time resolution ¼ 200 ms, 150 co-additions). Spectra were analyzed using the software package OPUS 6.5.
Estimation of kinetic model parameters from tr-SEIRAS data
In our model system developed previously (19, 21) , we employ chemical reaction kinetics to describe the sequential ET between redox centers, indicated by black arrows, which can each be in the reduced and oxidized state, denoted by r and o, respectively ( Fig. 1 ) Proton uptake and release (Fig. 1, blue arrows) is considered in terms of independent acid dissociation constants for each of the different redox centers, as identified in previous modeling studies (21) . It has to be mentioned, however, that proton release would be prohibited in the absence of oxygen for electrostatic reasons, whereas proton uptake is facilitated under both anaerobic and aerobic conditions. In this study, electron uptake is provided by direct ET from an electrode to Cu A or, in other words, electrochemical modulation, followed exclusively under anaerobic conditions. That means the four redox centers are sequentially reduced and reoxidized by applying alternatively positive and negative potential pulses (Fig. S3) . Enzymatic turnover using oxygen cannot be expected. Changes of redox state are deduced from IR bands (Table 1) whose absorbances, A i , change as a function of time. The temporal changes are then used to fit the model to the data. To this end, the model was further extended to take into account deviation of the effective potential, E eff , acting on the protein from the potential E, which is externally applied to the electrode. This deviation is attributed to the charging of the electrode/water interface and is modeled by consecutive charging and discharging of a resistorcapacitor circuit with relaxation time t with respect to the applied rectangular potential pulse, DE, derived from vertex potentials E p,0 and E p,1 according to
The kinetic model is based on a master-equation approach, describing the time evolution of occupation probabilities of 2 4 ¼ 16 possible redox states (conformations) of the enzyme (19, 21) . According to Beer-Lambert's law, the contributions of the redox states to the absorbance, A i , at wavenumber h and time t for a band associated with the ith redox center are proportional to the overall probabilities of the oxidized and the reduced states of this center. The overall probabilities for the ith center in the FIGURE 1 Kinetic scheme for sequential electron transfer in CcO under anaerobic conditions. The four centers are arranged in the order Cu A , heme a, heme a 3 , and Cu B , which can be present either in the reduced (r) or oxidized (o) state. All of the r and o states can be protonated or deprotonated. Hence, the enzyme can exist in 16 different redox states and 256 protonation states. Vertical arrows with red branches represent electron uptake from the electrode, whereas black horizontal arrows indicate second-order reactions between redox centers. Blue arrows indicate proton uptake and release steps likely to occur as a consequence of second-order ET reactions between redox centers. The proportionality constants k i,red (h) and k i,ox (h) are products of the effective optical pathlength, the concentration of protein, and the respective molar extinction coefficients. Since the absorbance A i (h; 0) at the beginning of a potential pulse is chosen as a reference, the change in absorbance with time becomes (cf.
The term A i0 (n) is added in Eq. 5 to account for a possible deviation of A i (h; 0) due to experimental scatter. To reduce the effect of experimental scatter for A i at individual wavenumbers, DA i (h; t) is integrated over h thus yielding the band area. Bayesian inference is used to obtain a set of parameters for which the best agreement of experimental and simulated data is achieved. Within this context we acquire maximum likelihood estimates (MLEs) as well as maximum a posteriori probability (MAP) estimates through use of Markov chain Monte Carlo simulation (28) .
Due to ambiguities in the pH dependence of midpoint potentials (see Srajer et al. (21)), we chose as fitting parameters the inherently pH-independent standard redox potentials E 0 1À4 and the pK values of the reduced and oxidized form, pK r 1À4 and pK o 1À4 of the four centers, respectively, numbered in the order of sequential ET: Cu A , heme a, heme a 3 , and Cu B . As for the kinetic parameters, we have to distinguish between electrochemical ET to Cu A , characterized by the electrochemical rate constant k e , and chemical reaction kinetics between consecutive redox centers with rate constants k l,m , described in the Supporting Material. Finally, t, the time constant of charging the interface according to Eq. 2. has also to be included in the list of fitted parameters (Table 2) . Details on fitting assumptions and accuracies are discussed in the Supporting Material.
Both the reaction kinetic model and the fitting routine were implemented using MATLAB R2010b. For details, see the Supporting Material.
RESULTS AND DISCUSSION
CcO from Rhodobacter sphaeroides was immobilized on the two-layer gold film deposited on an ATR crystal in a ptBLM and transferred to the activated state. Thereafter, the CcO was subjected to SEIRA measurements in the
Step-Scan mode by applying periodic potential pulses stepping between À800 mV and þ400 mV, at a modulation frequency of 100 Hz, as described in the section tr-ATR-SEIRA spectroscopy modulated by electrochemical potentials. Other excitation frequencies were also used, but 100 Hz showed the most suitable condition (see Fig. S12 ). tr-SEIRA spectra obtained after baseline correction (Fig. 2) showed a broad band in the amide I region, similar to the prominent bands obtained previously in potentiometric titration experiments followed by SEIRAS. However, in tr-SEIRAS, the spectra contained many more overlapping bands revealed by a treatment called phase-sensitive detection (PSD), described in the Supporting Material and in more detail in a separate publication (22) . PSD also revealed a large water band at 1643 cm À1 , which had to be subtracted so that band evaluation of secondary structures would not be hindered (Fig. S13) . The list of bands finally obtained is shown in Table 1 together with the parameters obtained from PSD, such as band positions and FWHM values.
The format of the ptBLM is so far not suitable to conduct UV/VIS simultaneously with tr-SEIRAS measurements. However, we know from independent fast-scan voltammetry data that direct ET does take place in the potential window used for the modulation (19) . Moreover, electrochemical reduction of the heme centers has been demonstrated by surface-enhanced resonance Raman spectroscopy (16) . Therefore, it is safe to assume that we can follow conformational changes of secondary structures such as a-helices and b-sheets, coupled to redox changes, and that we can employ band assignments published by other groups (23) (see Table 1 ). Bands were attributed to redox centers on the basis of UV/VIS measurements performed simultaneously with FTIR measurements of CcO (23) . PSD-deconvoluted tr-SEIRA spectra are shown in Fig. 3 . Band areas obtained from Fig. 3 were plotted as a function of time in Fig. 4 , which shows examples used for the fitting routine, all of which are negative bands. That means they represent reduced species, which gradually disappear in the first half-period of the potential pulse, going from À800 mV Table S4 ).
FIGURE 2 tr-SEIRA spectra of the activated CcO under anaerobic conditions. Spectra of the first excitation half-period (oxidation) are shown in red and those of the second half-period (reduction) in black.
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Time-Resolved FT-IR of CcOto þ400 mV, and reappear in the second half-period, when the potential changes in the opposite direction. Other bands, including positive bands, are shown in Fig. S14 , A-F. Positive bands represent oxidized species that are formed while proceeding from the fully reduced (À800 mV) to the fully oxidized (þ400 mV) state. The bands at 1603, 1610, and 1625 cm À1 , assigned to Cu A , heme a, and heme a 3 , respectively, were selected to be fitted to the kinetic model of the CcO (21) . Evaluation using PSD did not yield any bands attributed to Cu B , because these bands are generally expected to appear in the fingerprint region, where they are too small in the obtained spectra to be discriminated from noise. Even though only three of the four redox centers are observed in the experiments, reasonable fits were obtained using the four-center model. Fit parameters for the fitted curves (see also Fig. 4 ) are shown in Table 2 .
As seen in Fig. 4 , different centers follow very similar time traces, which can be explained by the fact that the overall rate-limiting factor is a combination of t, the time constant of the charging current, and k e , the electrochemical rate constant. Both are on the millisecond timescale and cannot be separated from each other experimentally or from the rate of ET between redox centers. Due to this limitation, rate constants of ET between the redox centers have to be fixed at high values (see Table S1 ), whereas the overall rate is on the millisecond timescale for all centers (Fig. 4) . k e and t were found to have values larger and smaller, respectively, than those from previous fit results for cyclic voltammetry data (k e ¼ 370 s À1 , t ¼ 1 ms) (19) , although in the same order of magnitude. We explain the relatively poor fit of the Cu A time trace as compared to those from heme a and a 3 by the inadequacies of the simplified reaction scheme (see discussion below). However, taking into account all the parameters listed in Table 2 , the overall fit result turned out to be the one depicted in Fig. 4 . The uncertainty of all the parameters has been deduced from histograms shown in Figs. S4-S11.
CONCLUSION
Results show that fitting the parameters of the expanded model of the CcO to the experimental data can be performed with high accuracy. The most important fit results are the E 0 values of the four centers. E 0 values are apparently shifted to negative values compared to known midpoint potentials (23) , well in accordance with results of previous cyclic voltammetry studies (16) , and with titration data followed by SEIRAS (17) and SERRS (29) . Modeling studies (19, 21) have revealed a redox process at~À200 mV that consumes four electrons, which can be observed even under anaerobic conditions but only after several enzyme turnovers in the presence of oxygen. We tentatively interpret this observation in terms of higher oxidation states of the CcO, e.g., the states P M and F, also called C 4 and C 3 according to the terminology recently introduced by Wikström (30), in FIGURE 3 Simulated spectra of deconvoluted bands revealed by PSD at an excitation frequency of 100 Hz. Subtraction of the OH bending band (see Fig. S13 ) reveals positive and negative bands that are attributed to oxidized and reduced species, respectively. Spectra obtained in the first and second excitation half-periods are shown in red and black, respectively. which the subscript describes the number of oxidizing equivalents in the binuclear heme-copper center. Our studies seem to indicate that one of these states prevails for some time after returning to anaerobic conditions. Midpoint potentials of these states were reported by Wikström to be E m , 7 ¼ þ817 and þ762 mV, respectively, which, corrected for the difference in pH and membrane potential, correspond to E m , 7 ¼ þ417 and þ350 mV actually observed (31) . These values fit perfectly well into the energy diagram of different states of the enzyme cycle between cytochrome c (E m , 7 ¼ þ260 mV) and oxygen (E m , >7 ¼ >þ400 mV), whereas the values found in our measurements are out of this range. For example, our E 0 values are much too negative to be reduced by cytochrome c. We have to consider, however, that there is a fundamental difference between the enzyme cycle under physiological (30) and electrochemical conditions. Using electrochemistry, C 4 or C 3 may well be reduced in a single step to the reduced state, R(C 0 ), which includes all the oxygen trapped there. This process may proceed at a potential different from the E m , 7 of transitions C 4 /C 3 and C 3 /C 2 , as determined by the equilibrium titrations mentioned above (31) . The reason for this is that under physiological conditions, the enzyme has to pass the fully oxidized state, O H (C 2 ), reduced stepwise by cytochrome c to obtain the reduced states E(C 1 ) and R(C 0 ), before oxygen can be absorbed. Under electrochemical conditions, on the other hand, we have evidence from Raman studies that at À200 mV both hemes are reduced to the Fe (IIþ) state and that oxygen bound to the binuclear center is fully reduced to H 2 O, provided the enzyme has been first activated by several enzyme turnovers. The conclusion regarding oxygen is deduced from modeling studies of enzyme turnover using the model presented in Fig. 2 modified to include oxygen reduction (21) . We conclude that the electrochemical result does not reflect the natural behavior of the enzyme, but nevertheless, it could give us a clue to the hypothetical metastable high-energy configuration of the binuclear center.
Electrochemical oxygen reduction and reoxidation at the gold electrode in the absence of CcO is a strongly kinetically controlled process, with reduction and oxidation taking place at potentials well separated, at~À400 and >þ800 mV, respectively, far away from the standard redox potential of oxygen (E Ø ¼ þ400 mV at pH >>7) (32). In the presence of CcO, the reduction potental is shifted to À200 mV, indicating facilitated oxygen reduction due to enzyme turnover. Indications of this process should disappear from the voltammogram or the SERR and SEIRA spectra when oxygen has been removed, which obviously is not the case. Hence, we tentatively explain the apparent negative potentials in terms of a transient state of the general configuration C 4 , which even after removal of oxygen from solution prevails on the enzyme for some time to be electrochemically reduced back to the C 0 state, thereby consuming four electrons. (The role of the tyrosine radical is deliberately not included in the discussion). For obvious reasons, our simplified reaction scheme does not include the C 4 state, but its existence is revealed by an apparent shift of all the E 0 values to negative values. This idea is supported by the fact that the appearance and duration of this state not only depend on the number of turnovers needed for activation but also on the batch of CcO used for the measurements. Over the past years, we have investigated >20 batches of CcO from different laboratories, and the enigmatic reduction step at À200 mV under anaerobic conditions had very different lifetimes, from zero to several hours, whereas the continuous current under aerobic condtions, indicating enzyme turnover, gives very stable and reproducible signals (see Fig. 4 , B-D, in Schach et al. (19) ). The hypothesis of a metastable state was originally brought forward by Wikström, who considered the fully oxidized state O, or C 2 , to attain the high-energy configuration O H after several turnovers (33) . This may still apply to physiological conditions. However, using electrochemistry, the transient state seems more likely to be represented by a kind of C 4 state. Further studies will be needed to verify this assumption.
Proton uptake and release had been considered to be due to differences in pK values between consecutive redox couples, e.g., pK (Figs. S4-S11) .
Further information can also be deduced from our tr-SEIRAS studies regarding conformational changes of secondary structures. Absorbances in the amide I region are relatively high, particularly in comparison to those in the fingerprint region, which are too small to be evaluated as a function of time. However, this is different from previous tr-FTIR studies (13) that showed more evenly distributed absorbances in the region 1000-1800 cm À1 in the course of the reaction of reduced CcO with oxygen. The prominent amide I bands in our spectra can partially be explained by the theory of SEIRAS, which predicts that dipoles oriented perpendicular to the surface are subject to a particularly high surface-enhancement effect, whereas dipoles pointing in other directions are not detected (34, 35) . The proteins are arranged on the surface with the a-helices pointing in the z-direction while strong dipoles are generated during sequential ET. These effects are enhanced by the preorientation of the CcO molecules within the ptBLM. Nevertheless, conformational changes appear substantial, particularly considering the absorbance of the unmodulated SEIRA spectrum of CcO (Fig. S15) . This is well in agreement with our titration studies (17, 20) , although the distribution between the two kinds of secondary structures was quite different from the one found in the time-resolved study. As is the case for the titration studies, the helical structures are more prominent, whereas in the tr-SEIRA spectra, the b-sheets are more strongly represented. This can be seen from the bands at 1603, 1615, 1619, and 1625 cm À1 ,
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Time-Resolved FT-IR of CcOwhereas the band at 1653 cm À1 , characteristic of a-helices, is weak in comparison. These findings are well in agreement with the higher flexibility of b-sheets found in molecular dynamics studies of high-resolution crystallographic structures (36, 37) . The greater rigidity of the a-helices, on the other hand, prevents these structures from following the excitation at high modulation frequencies, resulting in a lower absorbance of the respective IR signals. Substantial conformational changes have also been observed recently in separate high-resolution crystallography images of the reduced and oxidized form of CcO (38) .
In summary, the time resolution of electrochemically modulated Step-Scan measurements was found to be on the millisecond timescale, limited by electrochemical excitation. Hence, the kinetic constants of ET between redox centers cannot be deduced. In comparison, however, Gorbikova et al. (13) , using a mutant with a deliberately delayed time constant, found a time resolution of FTIR measurements on the timescale of seconds. Moreover, they investigated the reaction of reduced CcO with oxygen. In our work, however, conformational changes of secondary structures coupled to ET appear to be more substantial than expected from previous FTIR investigations, in agreement with high-resolution crystallography data and resulting molecular dynamics calculations (36, 38) . The shift of E 0 to negative values versus known midpoint potentials has been confirmed, as has the magnitude of the electrochemical rate constant of electronic wiring of the CcO to the electrode. The negative shift has tentatively been explained in terms of the hypothetical metastable high-energy configuration of the binuclear center.
SUPPORTING MATERIAL
Fifteen figures, four tables, numerous equations, a detailed description of the model and references (42) (43) (44) (45) (46) (47) ) are available at http://www.biophysj. org/biophysj/supplemental/S0006-3495(13)01247-2.
